[1] It is generally believed that a strong updraft in the mixed-phase region of thunderstorms is required to produce lightning. This is the region where the noninductive charging process is thought to generate most of the storm electrification. Analytic calculations and model results predict that the total lightning frequency is roughly proportional to the product of the downward mass flux of solid precipitation (graupel) and the upward mass flux of ice crystals. Thus far this flux hypothesis has only been tested in a very limited way. Herein we use dual-polarimetric and dual-Doppler radar observations in conjunction with total lightning data collected in Northern Alabama and also Colorado/ Kansas during two field campaigns. These data are utilized to investigate total lightning activity as a function of precipitation and nonprecipitation ice masses and estimates of their fluxes for different storm types in different climate regions. A total of 11 storms, including single cell, multicell, and supercell storms, was analyzed in the two climatologically different regions. Time series of both precipitation and nonprecipitation ice mass estimates above the melting level show a good relationship with total lightning activity for the 11 storms analyzed (correlation coefficients exceed 0.9 and 0.8, respectively). Furthermore, the relationships are relatively invariant between the two climate regions. The correlations between total lightning and the associated product of ice mass fluxes are even higher. These observations provide strong support for the flux hypothesis.
Introduction
[2] Recently, the development and deployment of several ground-based and space-borne lightning detection devices such as the Lightning Imaging Sensor (LIS) [Christian et al., 1999] or the Lightning Mapping Array (LMA) [Thomas et al., 2004] has increased the availability of total lightning measurements significantly. The availability of these data will increase even more dramatically with the deployment of the Geostationary Lightning Mapper (GLM) scheduled for launch on the next generation of Geostationary Operational Environmental Satellites (GOES-R). The availability of continuous total lightning measurements enables us to explore the relationship between lightning flash characteristics/rate and kinematic and microphysical thunderstorm parameters. If robust quantitative relationships between lightning and storm parameters are found, these can be used to incorporate lightning data into several applications, including improved mesoscale model forecasts via added information about convective variables, such as ice water path and latent heating rates; improved definition of the role of convection in the global climate; improvements in Quantitative Precipitation Estimates (QPE), especially in regions with no or poor radar coverage; improved nowcasting of thunderstorm evolution and decay; improved prediction of high societal impact severe weather events such as hail, tornadoes or microbursts; and quantification of lightning-produced Nitrogen Oxides (NO x ) in the mid-upper troposphere.
[3] Numerous field observations have shown clear relationships between both cloud-to-ground and total lightning (cloud-to-ground plus in-cloud) and precipitation ice mass [e.g., Nesbitt et al., 2000; Petersen and Rutledge, 2001; Deierling et al., 2005; Petersen et al., 2005a; Wiens et al., 2005; Latham et al., 2007] . Many field observations [Workman and Reynolds, 1949; Williams and Lhermitte, 1983; Dye et al., 1989; Rutledge et al., 1992; Carey and Rutledge, 1996; Petersen et al., 1996 Petersen et al., , 1999 suggest that a strong updraft in the mixed-phase region (located around 0°C to À40°C) is necessary to produce lightning. This is the region where noninductive charging [Reynolds et al., 1957; Takahashi, 1978; Jayaratne et al., 1983; Williams, 1989; Saunders et al., 1991; Saunders, 1993; Saunders and Peck, 1998; Takahashi and Miyawaki, 2002; Mansell et al., 2005; Latham et al., 2007] is generally believed to generate most of the thunderstorm electrification. Noninductive charging involves rebounding collisions between graupel and ice crystals in the presence of supercooled liquid water. The charge transfer per collision depends on the size of the ice crystals and the fall speed of the graupel pellets, while the sign of the charging depends on temperature and the liquid water content [e.g., Takahashi, 1978; Saunders et al., 1991; Williams et al., 1991; Saunders, 1993; Pereyra et al., 2000; Takahashi and Miyawaki, 2002; Saunders et al., 2006] . Significant charging occurs only where graupel, ice crystals and supercooled droplets co-exist. This region is referred to as the ''charging zone'' and its vertical extent is limited [e.g., Latham et al., 2004] . The upper limit of the charging zone is the level above which these three types of hydrometeor do not coexist. The larger the updraft speed, the higher this diffuse threshold will extend. The upper boundary typically lies between the À15°C and À30°C isotherms [e.g., Latham et al., 2004] , and it is likely that most of the charging crucial to lightning production occurs just below it. This is principally because the charge transfer per collision increases rapidly with larger crystal sizes [Keith and Saunders, 1990] . Also, crystals may be more numerous at the top of the charging zone. The lower boundary of the charging zone is also diffuse and dependent upon the prevailing glaciation mechanism, but can characteristically be taken to be a few degrees colder than 0°C.
[4] Based on these ideas, analytic calculations by Blyth et al. [2001] and Latham et al. [2004] yielded the prediction that the lightning rate ( f ) is roughly proportional to the product of the downward flux (p) of solid precipitation (graupel) and the upward mass flux (F i ) of ice crystals, the values of p and F i being those existing at the top of the charging zone. Here p is the product of precipitation ice mass (p m ) and the terminal fall speed of hydrometeors (v t ) and F i is the product of nonprecipitation ice mass (np m ) multiplied by the vertical wind speed (w). In the following, this prediction of a proportionality between lightning rate and flux product will be referred to as the flux hypothesis. The predicted equation valid in the charging zone that describes the flux hypothesis is
where C is a constant, p = p m Áv t and F i = wÁnp m .
[5] Initial support for the flux hypothesis was provided computationally, using multiple lightning activity models [Baker et al., 1995 [Baker et al., , 1999 . More recent modeling and observational studies also suggest a good correlation between total lightning rate and flux product components such as graupel volume, the updraft volume and the updraft mass flux for at least one severe thunderstorm case simulated Kuhlman et al., 2006] . Nevertheless to date there has been only limited preliminary observational evidence for the flux hypothesis [Deierling et al., 2005] .
[6] The goals of this study are to examine observational evidence (based on ground-based polarimetric radar and lightning measurements) on a storm scale for a variety of storm types and environments to test and, if justifiable, quantify the flux hypothesis, and to investigate and refine Tropical Rainfall Measurement Mission (TRMM) observations that indicate a global relationship between averaged precipitation ice mass water content and total lightning activity [Petersen et al., 2005a ] on a storm scale. A verified and robust general relationship of f = CÁpÁF i that is valid on storm as well as large-scale averages may enable us to . estimate (solid) thunderstorm precipitation in remote areas, and
. estimate ice mass contents lofted into and detrained from thunderstorm anvils . parametrize lightning activity via the ice mass fluxes in climate, meso-and cloud scale models to estimate other properties such as NO x production.
[7] Section 2 gives an overview of the data used in this analysis. In section 3, methodologies for observing and computing precipitation and nonprecipitation ice masses and their fluxes from polarimetric radar data are described. Section 4 presents observational results describing the relationship between ice masses and their fluxes and total lightning. Section 5 provides a summary of the observationally diagnosed relationship between total lightning, ice mass and ice fluxes, and the possible utilization of these relationships on storm scales.
Data
[8] To investigate the flux hypothesis, polarimetric radar and total lightning data collected in Northern Alabama during 2005 were used as well as data from two field projects that took place in the High Plains of Colorado/ Kansas: one is the Stratospheric-Tropospheric Experiment: Radiation, Aerosols and Ozone (STERAO-A) , the other one the Severe Thunderstorm Electrification and Precipitation Study (STEPS) [Lang et al., 2004] . A list of thunderstorms that have been investigated in this study, including a short description of the storms, is given in Table 1 . Note that not all storms could be observed throughout their entire lifetime, since some storms moved in or out of the observational domain. Herein a storm can consist not only of one but several cells (e.g., multicells) but is otherwise separated from surrounding storms if they exist.
[9] During the STERAO-A project, total lightning activity was recorded by the Office Nationale d'Etudes et de Recherches Aerospatiales (ONERA) three-dimensional lightning VHF-interferometer system [Defer et al., 2001; Laroche et al., 1994] . Dual-polarimetric radar data were collected from the Colorado State University-University of Chicago-Illinois State Water Survey (CSU-CHILL) National Radar Facility's S-band radar [Brunkow et al., 2000] over the ONERA interferometer coverage domain. Thus the lightning interferometer data could be placed within the context of storm-scale kinematic and microphysical environments.
[10] During STEPS total lightning activity was detected by the deployable Lightning Mapping Array (LMA) of the New Mexico Institute of Mining and Technology (NMIMT) [Thomas et al., 2004] . The CSU-CHILL and the NCAR S-band dual-polarimetric (S-Pol) radars provided dualpolarimetric radar data. These two research radars together with the Goodland, Kansas National Weather Service (NWS) Weather Surveillance Radar-1988 Doppler (WSR-88D) radar formed a triangle with approximately 60 km baselines and performed synchronized volume scans allowing dual-or triple-Doppler wind analysis.
[11] Ground-based total lightning data in conjunction with polarimetric radar and sounding data have been available from storms occurring in Northern Alabama since the end of 2004 and are well suited for this study. For storm cases in Northern Alabama, total lightning data were collected by the North Alabama Lightning Mapping Array, which is permanently installed in the Huntsville, AL area [Goodman et al., 2005] . It is a very similar system to the LMA deployed during STEPS and consists of 10 stations. Polarimetric radar data were collected from the University of Alabama Huntsville/National Space Science and Technology Center (UAH/NSSTC) C-band ARMOR radar (Advanced Radar for Meteorological and Operational Research) [Petersen et al., 2005b] . For cases examined in this study, the ARMOR radar was operated in Simultaneous linear Transmit And Receive (STAR) mode. In this mode the radar reflectivity (Z), radial velocity (V r ), spectrum width (SW), differential reflectivity (ZDR), correlation coefficient (r hv ) and differential phase (F DP ) were collected. Only the linear depolarization ratio (LDR) (which is collected from CHILL and SPOL) cannot be measured in this mode. C-band radars suffer from strong attenuation in observations of heavy rain or large hail. Thus the reflectivity and the differential reflectivity fields measured by ARMOR were corrected for attenuation and differential attenuation, respectively, using a self-consistent constrained ''ZPHI'' approach [Testud et al., 2000; Bringi et al., 2001; Petersen et al., 2005b] . The ARMOR radar and the nearby Hytop WSR-88D radar allow dual-Doppler wind retrievals under the coverage umbrella of the North Alabama LMA.
[12] Thermodynamic data, specifically temperature profiles, were retrieved from sounding data collected in both field campaigns and from operational soundings in the Northern Alabama region (e.g., Birmingham and Nashville soundings from the National Weather Service).
Methodology

Determination of Lightning Flashes From VHF Sources
[13] Lightning flashes consist of various electric current segments that emit electromagnetic radiation over a broad band. Some components of a lightning flash emit strongly in the VHF frequency do amely breakdown processes, recoil streamers, negative stepped leaders, dart leaders and sometimes return strokes. Other components, such as positive leader processes, emit much less VHF radiation [see Shao et al., 1999] . These emission characteristics are important for proper interpretation of measurements from both the ONERA lightning interferometer and the LMA systems.
[14] For the STERAO-A case (10 July 1996 storm) the process of integrating related VHF sources (in time and space) detected by the ONERA lightning mapper to produce discrete lightning flashes was performed by Defer et al. [2001] . They used an automated algorithm to group VHF sources to flash components and flash components to a flash by applying temporal and spatial constraints. In addition to determine a flash they used what they termed angular analysis. Here, an operator uses azimuth, elevation and magnitude information of measured VHF sources from individual ONERA lightning mapper stations to determine whether or not VHF sources belong to the same flash. Only one time criterion was applied; a VHF source was assigned to a new flash if it was recorded 0.5 s after the occurrence of the last source. As the information from both stations was considered individually, sources detected by one station and not by the other were also taken into account. Single sources with a time duration of 23 ms (which is the time resolution of the system) were allowed to count as one flash if they did not appear to be linked to another source.
[15] For both the STEPS and Northern Alabama LMA data, flashes were determined from VHF sources using two methods. Prior to discussing the specifics of the flash algorithms it is worth noting that in both LMA systems a given VHF source in a lightning flash was not counted unless at least seven stations detected the source. This seven-station detection threshold reduces the number of noise contaminated sources from interference, which occurs in the Northern Alabama area and during one STEPS case. However it is also possible that valid (low power) VHF sources emitted by lightning could have been eliminated [Thomas et al., 2004] . The first method to determine flashes from measured VHF sources was to use the flash algorithm built into the LMA software [Thomas et al., 2003] . The algorithm applies user specified temporal and spatial conditions for VHF sources to be attributed to the same flash. For this study we required that sequential VHF sources could not be separated by more than 150 ms in time, 3 km in horizontal distance and 5 km in the vertical [Thomas et al., 2003; Wiens et al., 2005] . Furthermore, the LMA software allows users to specify the minimum number of VHF sources that constitute a flash. Total flash rates with a minimum of 1, 3, and 10 VHF sources were calculated to investigate the influence on flash rate trends. As an example, Figure 1 shows flash rates computed using a minimum of 1, 3, and 10 VHF sources for an ordinary thunderstorm that took place during STEPS on 6 June 2000. For this example as well as in other thunderstorms with low to moderate lightning activity, it was found that the overall trend of the flash rates remain consistent, even though the total number of flashes decreases with a higher minimum of VHF sources constituting a flash. This result is also consistent with the findings of Wiens et al. [2005] .
[16] The second method to determine flashes, similar to the angular analysis performed by Defer et al. [2001] , was performed manually and used for low and moderate flash rates. Following Defer et al. [2001] flashes were identified looking at consecutive 3 s time windows and combining VHF sources into components using their (x,y,z) information and time displayed by the LMA software. Single VHF sources with of time duration of 80 ms (equal to the time resolution of the LMA) were allowed to count as a flash. This analysis was performed for most of the analyzed storms with the exception of two supercell storms on 5 July 2000 (during STEPS) and for the 21 February 2005 storm that took place in Northern Alabama. Here the lightning rate was too high to objectively determine flashes manually, in agreement with Wiens et al. [2005] .
[17] The manually determined flash frequencies were compared to flash frequencies from the LMA software algorithm. The results demonstrate that for low and moderate flash rates, flash rates determined manually were nearly identical to those calcul y the built in flash algorithm from the LMA softwar g a minimum of three sources to constitute a flash (Figure 1 ). Flash rates allowing one VHF source to constitute a flash may lead to unreasonably high flash rates, especially for storms with a high lightning activity as some of these sources may be due to noise [Thomas et al., 2003; Wiens et al., 2005] . To remain consistent with the STERAO-A analysis and because short duration flashes (flashes with a duration less than 1 ms) can occur [Thomas et al., 2003; Defer et al., 2001] , flash rates determined with the operator analysis were used in this study whenever possible. For the 5 July 2000 and 21 February 2005 cases flash rates determined with the built in flash algorithm from the LMA software were used allowing a minimum of three VHF sources to constitute a flash.
Ice Mass Flux Computations From DualPolarimetric Doppler Radar Data
[18] In order to compute the ice mass flux product in the charging zone and examine the flux hypothesis, estimates of the following are required: Precipitation ice mass, nonprecipitation ice mass, and information about the three dimensional wind field of a thunderstorm. Herein, the first step was to identify bulk microphysical hydrometeor types from the polarimetric radar data [e.g., Vivekanandan et al., 1999; Straka et al., 2000; Liu and Chandrasekar, 2000; Zrnic et al., 2001] . This was accomplished with the National Center for Atmospheric Research (NCAR) fuzzy logic Particle IDentification algorithm (PID) [Vivekanandan et al., 1999] . The NCAR PID operates in radar space (spherical coordinate system) and uses nine input variables: radar reflectivity, differential reflectivity, linear depolarization ratio, correlation coefficient, specific differential phase, a temperature profile, standard deviation of velocity, standard deviation of differential reflectivity and standard deviation of the differential phase to distinguish between 17 output categories. The temperature profiles used for the PID originate from soundings made during STERAO-A and STEPS close to the storms and from the NWS for the Northern Alabama region as described in section 2. The output categories of the NCAR PID are: cloud droplets, drizzle, light rain, moderate rain, heavy rain, hail, hail/rain mix, graupel/small hail, graupel/small hail/rain mix, dry snow, wet snow, irregular ice crystals, horizontally oriented ice crystals, super cooled liquid drops, insects, second trip, and ground clutter. To relate the microphysics data to a 3D wind field on a Cartesian grid the PID output, temperature and radar reflectivity were gridded with the NCAR/EOL software package REORDER using a closest point weighting scheme. Once the precipitation ice and nonprecipitation ice regions were identified with the PID (see below) and converted to a Cartesian grid, the mass contents were then estimated using reflectivity (Z) -mass content (M) relationships of the kind M = aZ b from the literature [e.g., Sassen, 1987] . The 3D wind field was estimated from dual-Doppler retrievals using NCAR's Custom Editing and Display of Reduced Information in Cartesian space (CEDRIC) [Mohr et al., 1986] software package. A detailed description of the dual-Doppler synthesis performed herein is given by Deierling and Petersen [2008] . In one case, data from only one radar was available and the three-dimensional wind field was determined using NCAR's Variational Doppler Radar Assimilation System (VDRAS) Crook, 1997, 2001; Crook and Sun, 2004] .
[19] To better facilitate the observational study of the flux hypothesis using the PID hydrometeor classifications, some particle types were reduced to two general classes: precipitation and nonprecipitation ice. In this study, PID categories of hail, hail/rain mix, graupel/small hail and graupel/ small hail/rain mix above the height of the À5°C level were combined to represent precipitation ice in the charging zone (Table 2) . Then the precipitation ice mass was calculated in Cartesian space. For PID graupel/small hail and graupel/ small hail/rain mix and hail, hail/rain mix their ice mass contents was calculated in each grid of a given radar volume using Z-M relationships from Heymsfield and Palmer [1986] and Heymsfield and Miller [1988] , respectively (Table 2 ) and multiplied by the grid volume to obtain ice mass. Precipitation ice mass fluxes were calculated at each grid point multiplying the ice mass with calculated particle fall speeds. Particle fall speeds (v t ) for precipitation ice were determined using the v t À Z relationships v t = 0.817ÁZ h 0.063 from Marks and Houze [1987] . Storm total precipitation ice mass and ice mass fluxes were obtained calculating the sum of the ice mass or ice mass flux values in the individual grid points of a given radar volume. Note, that we do not account for fractions of rain for the grid points that are identified as precipitation ice/rain mix. The rain fractions make a part of the reflectivity that is used to compute the precipitation ice mass. However, it was investigated whether this had any significant impact on the computation of the precipitation ice mass. It was found t uming the most extreme (and unrealistic) liquid/ice reflectivity fraction had very little impact on the overall result, i.e., assuming all of the mixed-phase reflectivity comes from liquid and therefore eliminating the entire mixed-phase region from the ice mass computations. As an example the linear fit for total lightning an precipitation ice mass without the mixed-phase categories is f = 3.4Á10 À8 p m À 15, the linear fit for total lightning and precipitation ice including the mixed-phase categories is very similar: f = 3.4Á10 À8 p m À 18 (see Table 6 ).
[20] Due to dependence of the radar power measurements on the sixth power of particle diameter, the radar primarily detects the largest particles present in a given pulse volume. Therefore small ice crystals mixed with larger graupel or hail will go undetected and estimates of nonprecipitation ice mass have to be made in absence of direct measurements. Herein, two approaches were employed to compute a representative quantity for nonprecipitation ice mass:
[21] 1. Nonprecipitation ice mass estimate (temperature threshold): PID categories of dry snow, irregular ice crystals and horizontally oriented ice crystals above a temperature level (À50°C), near the top the storm, with reflectivity values below 20 dBZ were used as a proxy to represent advected nonprecipitation ice mass that originated in the charging zone. This nonprecipitation ice mass estimate will be referred to as NPIM_T in the following. The temperature level was used as a proxy to include ice mass transported into the thunderstorm anvil that represents nonprecipitation ice mass created lower in the cloud in the mixed ice phase region. Similar to precipitation ice mass calculations, nonprecipitation ice mass contents were calculated (in Cartesian space) in each grid containing the PID categories listed above using the Z-M relationship from Heymsfield and Palmer [1986] (see Table 2 ). Storm total ice masses were calculated by first multiplying individual grid ice mass contents with the grid volume and then summing all ice masses over the radar volume.
[22] 2. Nonprecipitation ice mass estimate (divergence method): PID categories of dry snow, irregular ice crystals and horizontally oriented ice crystals above the temperature level of À5°C with divergence values larger than 0.001 s
À1
and reflectivity values below 20 dBZ were chosen to represent nonprecipitation ice from the charging zone. This will be referred to as NPIM_DIV in the following. Nonprecipitation ice mass storm totals were calculated as described in the first estimate using Z-M relationship from Heymsfield and Palmer [1986] . Utilizing the divergence to identify nonprecipitation ice exiting the updraft originates with the assumption that the anelastic continuity equation is satisfied (horizontal density changes are ignored but density changes with altitude are allowed) given by
where r 0 is the base state density and a function only of height, w is the vertical velocity, V is the horizontal velocity Heymsfield and Miller [1988] D15210 DEIERLING ET AL.: TOTAL LIGHTNING AND ICE FLUXES and z the vertical depth. According to equation (1), the horizontal mass divergence (left side) is equal to the change of vertical mass flux with height (right side), assuming also that w = 0 m/s at the top of the thunderstorm and at the surface. Thus, at a given level, an increase in w with height is expected to be accompanied by horizontal convergence, a decrease in w with height by horizontal divergence. This leads to the assumption of low-level mass convergence below the maximum in w and upper-level mass divergence above the maximum in w [e.g., Witt and Nelson, 1991; Yuter and Houze, 1995] . The assumption here is that the upperlevel horizontal divergence above a threshold can be used to approximate nonprecipitation ice mass exiting the updraft. Importantly the divergence threshold also limits the area of nonprecipitation ice surrounding the updraft included in each radar volume. This is important in order not to include the long-lived anvil ice mass in the estimation of the nonprecipitation ice mass flux.
[23] The divergence herein was calculated using the horizontal wind components from the dual-Doppler synthesis or VDRAS. An appropriate divergence threshold would result in a volume similar to the total updraft volume in the charging zone. To determine this threshold we compared updraft volumes with vertical velocities greater than values varying from 1 to 5 m/s to divergence volumes with varying thresholds. It was found that calculated total storm volumes of vertical velocities greater than 1 -5 m/s correspond best to total divergence volumes greater than 0.001 s À1 in most investigated cases. As an example, Figure 2 shows a scatterplot of total storm volumes above the À5°C level with vertical velocities above 5 m/s versus total storm volumes above the À5°C level with divergence greater than 0.001 s À1 including data from all investigated thunderstorm cases. The correlation coefficient between the divergence and vertical velocity volumes has a value of 0.96, suggesting a strong relationship between the two. Thus the divergence threshold 0.001 s À1 was chosen in this study. [24] To compute estimates of the nonprecipitation ice mass flux (F i ), NPIM_DIV (divergence method nonprecipitation ice mass estimate) was multiplied by the horizontal divergence in each grid and then summed over the storm volume. The product (pÁF i ) of storm total precipitation and nonprecipitation ice mass fluxes per radar volume were then obtained and could be compared to the total lightning rate in order to test the flux hypothesis.
[25] To verify the nonprecipitation ice mass flux estimate (product of divergence and nonprecipitation ice colder than À5°C with reflectivities smaller than 20 dBZ and with divergence greater than 0.001 s À1 ), it was tested with model output from a storm simulation with the Weather Research and Forecasting (WRF), Version 2.2 [e.g., Wicker and Skamarock, 2002; Skamarock et al., 2005] . Threedimensional dynamic models such as WRF can resolve the microphysical and dynamic structure of simulated thunderstorms including nonprecipitation ice inside and outside the thunderstorm updraft regions. The purpose of the simulation was not to reproduce a particular storm with the WRF model, but only to test the methodology used for the calculation of the nonprecipitation ice flux estimate. This was accomplished by using the model output to compute the flux estimate with divergence method and compare it to the nonprecipitation ice mass flux in the updraft region of the simulated thunderstorm.
[26] Simulations were performed with Lin et al.'s [1983] single moment microphysics scheme with horizontal grid spacing of 1 km. In the model the mixing ratios of water vapor, cloud water, rain, cloud ice, snow and graupel are predicted and the radar reflectivity factor Z was calculated from the sum of reflectivities over all hydrometeor species using Rayleigh theory as described by Ferrier [1994] . The model simulation is similar to that of the 10 July 1996 Figure 2 . Total storm volumes with vertical velocity above 5 m/s above the À5°C level versus total storm volumes with horizontal divergence >0.001 s À1 above the À5°C level from all investigated thunderstorm cases. The correlation coefficient has a value of 0.96 between the divergence and vertical velocity volumes.
STERAO storm described by Skamarock et al. [2000 Skamarock et al. [ , 2003 and Barth et al. [2007] . After the spin up time of the model, the simulated mature stage storm characteristics (maximum updraft speed, maximum reflectivity, storm width and height) were compared with the observed storm occurring on 10 July 1996. The simulated storm has in its first stage a multicellular character transitioning to a supercell at the end of its lifetime as it is observed. Some further storm characteristics of the modeled and observed thunderstorm are listed in Table 3 . Thunderstorm height, width, maximum reflectivity and maximum updraft speed compare fairly well between the simulation and the observations. This is also true for the time series of updraft volumes of w > 5m/s and graupel as well as nonprecipitation ice masses above À5°C (not shown). Nonprecipitation ice in the model is taken to be ice categories of ice crystals and snow (with fall velocities < updraft speed).
[27] To test the nonprecipitation ice mass flux estimate from observations used in this study with the model output, first the nonprecipitation ice mass flux above À5°C was calculated as the product of updraft velocity and mixing ratio of the sum of pristine ice and snow mixing ratios (with fall velocities < updraft speed) with radar reflectivities below 20 dBZ above the À5°C level. In a second step, the nonprecipitation ice mass flux was calculated similar to the observations as the product of horizontal divergence and the mixing ratio of the sum of pristine ice and snow mixing ratios (above the À5°C level and with divergence greater than 0.001 s À1 ). Figure 3 shows the scatterplot of the modeled nonprecipitation ice mass flux and the estimate. The correlation coefficient between the two is 0.91. The result indicates that the nonprecipitation ice mass flux estimated with the divergence method is 1-2 orders of magnitude less but the trend between the two is very similar. Figure 4 shows the time series from the nonprecipitation ice mass flux estimate from the observations overlaid with the nonprecipitation ice mass flux and its estimate calculated from the model data. It can be seen that the trends of all shown fluxes are fairly similar. Note, that similar results were obtained with model results from a RAMS simulation of the 21 February 2005 storm [Deierling, 2006] .
[28] From these model simulation results we conclude that the nonprecipitation ice mass flux estimate used in this study may be taken as a rough estimate for the nonprecipitation ice mass flux in the charging zone.
Sensitivity Studies of Mass Computations
[29] Sensitivity studies of nonprecipitation and precipitation ice mass calculations using different Z-M relationships from the literature, different grid scales with applicable radius of influence and different membership functions of the PID dry snow and graupel/small hail categories will be [30] The PID dry snow category, which represents snow aggregates and crystals, is a component of nonprecipitation ice in this study and the graupel/small hail category is the major component of precipitation ice. The dry snow category contains the highest reflectivity values in the nonprecipitation ice category and thus can have a significant impact on mass computations using power law Z-M relationships. Microphysical distinctions between aggregates, in particular when they start riming, and graupel pellets are somewhat diffuse [Pruppacher and Klett, 1997] . Distinguishing between graupel and snow aggregates from polarimetric radar data is also very difficult as their polarimetric radar signatures partly overlap. There are some conflicting values of radar data for graupel and dry snow reported in the literature. For example, low-density graupel may be associated with reflectivity values as low as 20 dBZ according to Straka et al. [2000] whereas Doviak and Zrnic [1993] allow graupel/small hail to occur only at reflectivities larger than 45 dBZ. Therefore sensitivity studies were performed to see how changes of the PID fuzzy membership functions within the region of overlapping radar signatures affect the trend of dry snow and graupel/small hail mass using the Z-M relationships of Heymsfield and Palmer [1986] and Heymsfield and Miller [1988] , respectively. Membership functions are designed to represent the degree to which the input variable belongs to each of the appropriate outputs, or particular particles [Vivekanandan et al., 1999] . They are piecewise linear and vary between 0 and 1, with 0 indicating the input does not belong to the output and 1 indicating the input has the highest de f membership.
[31] The largest differences between mass trends were found for the following two versions of membership functions for dry snow and graupel/small hail. In the first version, the boundary of the dry snow reflectivity membership functions started at 35 dBZ with a value of zero following Doviak and Zrnic [1993] and Straka et al. [2000] . They then increased linearly to a value of one at 33 dBZ. The graupel/small hail reflectivity membership function was zero below 31 dBZ and increased linearly to a value of one at 33 dBZ (the transition reflectivity value). For the second version, which we used in this study, the transition reflectivity value between the dry snow and graupel/small hail categories was lowered to 25 dBZ and the linear slopes of the membership functions remained constant so that they reached a value of zero 2 dB above/ below the transition reflectivity value (for dry snow and graupel/small hail, respectively). Thus the dry snow reflectivity membership functions started at 27 dBZ with a value of zero and increased linearly to a value of one at 25 dBZ. The graupel/small hail function was zero at 27 dBZ and increased linearly to a value of one at 29 dBZ.
[32] For the 10 July 1996 STERAO-A storm, Figure 5 shows the differences in the time series between the storm total mass of dry snow and graupel/small hail above the À5°C level (because we are only concerned with the mass colder than this temperature) calculated with the two versions of the membership functions. The trends of the time series for the two versions of graupel/small hail and dry snow are very similar though the actual mass content values vary slightly. The correlation coefficient between the time series of the two versions for the individual categories is above 0.99 in both cases. Thus the sensitivity of the trend to reasonable changes in membership function boundaries is very small and the separation of dry snow and graupel is Figure 5 . Time series of storm total dry snow mass and graupel/small hail mass above the À5°C level using two versions of PID membership functions for the 10 July 1996 STERAO-A storm. The first version of the PID membership function for dry snow and graupel/small hail overlapped at a reflectivity value of 33 dBZ, the second one overlapped at 25 dBZ. The ice masses were calculated in radar space using Z-M relationships from Heymsfield and Palmer [1986] and Heymsfield and Miller [1988] for dry snow and graupel/small hail categories, respectively. considered stable. The dry snow mass is relatively large compared to the graupel/small hail mass because of the large accumulations of ice in the thunderstorm anvil during the first stages of the 10 July storm. Note that these trends were calculated in radar space to avoid additional smoothing from gridding the data (see below). Here, individual ice mass contents were calculated for each radar gate in each Plan Positioning Indicator (PPI) scan composing a radar volume. Also the volume of the individual radar gates of each PPI scan were computed in radar space and the mass contents were then multiplied by the radar volume for each radar gate. Finally the mass values were summed over the radar volume scan. In the case of the 10 July 1996 STERAO-A, no gaps in vertical radar beams occurred but vertical beam overlaps occurred. Beam overlaps were identified and removed by applying to the lower half of an overlapping area the PID category of the lower gate and to the upper half of the overlapping area the category of the upper gate. The center time of a volume scan was assigned to the volume.
Influence of Different Z-M Relationships on Computed Ice Masses
[33] The sensitivity of storm total precipitation and nonprecipitation ice mass tr n different Z-M relationships was tested. Different Z-M relationships for precipitation sized ice (hail and graupel) and nonprecipitation sized ice (ice crystals mass content in cirrus clouds, anvil ice mass content from thunderstorms, snow mass content from stratiform portions of larger systems etc.) have been obtained from the literature. A collection of theoretical curves of ice mass content versus reflectivity from the literature search are presented in Figures 6a and 6b , respectively. It can be readily seen from these figures that the mass content for a particular hydrometeor category may vary up to a factor of two or more for a given reflectivity value. This is not surprising given the uncertainties in the determination of these relationships and the fact that a given radar reflectivity is produced by various combinations of particle size distributions (Z depends on D 6 and particle density). [34] Next, different Z-M relationships for graupel, hail and nonprecipitation ice were used to calculate their storm total masses. Their time series were then compared to identify the influence of different relationships on precipitation and nonprecipitation ice mass trends. No big influences on the ice mass trends for precipitation and nonprecipitation ice were found though the actual values of the ice masses may vary by a factor of two. Correlation coefficients between ice mass ) from different Z-M relationships for ice crystals mass in cirrus clouds (left curves), anvil ice mass from thunderstorms (middle curves), and snow mass from stratiform portions of larger systems (right curves).
trends obtained from different Z-M relationships were higher than 0.99. As an example, Figure 7 shows the time series of graupel mass above À5°C obtained from three different Z-M relationships [Heymsfield and Miller, 1988; Yagi and Uyeda, 1980; Kajikawa and Kiba, 1978 (see also Figure 6a )] for the 10 July 1996 STERAO-A storm. Calculations were performed in radar space as described in section 3.2. Though graupel mass trends vary by a factor of two between Yagi and Uyeda [1980] and Kajikawa and Kiba [1978] , the correlation coefficients between all three time series are above 0.99. From these results it was concluded that different Z-M relationships have a very minor effect on the trends of precipitation and nonprecipitation ice masses. Nevertheless estimated ice mass values may deviate from actual values by a factor of two. Actual ice masses are impossible to determine because we only have reflectivity values available for these calculations and no further information on particle size distributions, particle density, etc., of the sampled volumes in thunderstorms. The Z-M relationships for graupel, hail and anvil ice from Heymsfield and Miller [1988] and Heymsfield and Palmer [1986] were chosen for the analysis that follows. They were considered to represent ice mass trends sufficiently because they originate from Montana thunderstorms investigated during CCOPE.
Gridding Effects on Calculations of Ice Masses
[35] Finally, sensitivity tests on the influence of gridding the radar data on ice mass trends were performed. Precipitation and nonprecipitation ice mass trends were calculated in radar space and Cartesian space with different grid spacing and different radii of influence and compared. Recall that the NCAR REORDER software with a closest point gridding scheme was used to convert PID information and reflectivity from radar space into Cartesian space. Of all of the sensitivity tests performed, the largest differences in time series trends occur tween ice mass trends calculated in radar space and Cartesian space. Here the ice masses may also differ by a factor of two from radar space to Cartesian space but their time series trends have a correlation coefficient around 0.95 for both precipitation ice and nonprecipitation ice mass trends. As an example, Figure 8 shows the time series of precipitation ice mass storm totals (with Heymsfield and Miller's [1988] Z-M relationships) above À5°C for the 10 July 1996 STERAO-A storm calculated in radar space and on two Cartesian grids. The first Cartesian grid has a grid spacing of 1.2 km in (x, y) and 500 m in the vertical which is consistent with the Cartesian grid of the VDRAS analysis. The radius of influence was 1.2 km for (x, y) directions and 700 m in the vertical. The second Cartesian grid had a grid spacing of 500 m in (x, y, z) directions with a radius of influence of 700 m. Precipitation ice mass trends and values from both Cartesian grids were nearly identical with a correlation coefficient of 0.999 whereas the precipitation ice mass trends between the Cartesian grids and radar space differed more with correlation coefficients of 0.96. Ice mass values differed by a factor of two or less.
[36] Differences between ice mass trends calculated in the two different coordinate systems can be caused by the closest point gridding scheme and inevitable data smoothing from the gridding procedure. Though, the trend between ice masses calculated in Cartesian space differ more from those computed in radar coordinates than the differences caused by different membership function boundaries and Z-M relationships, gridding effects on the mass trends are small and the analysis is considered stable for conversions from one coordinate system to the other.
[37] To conclude, all three influences (membership function, Z-M relationship, and gridding procedure) on the ice mass trends are considered relatively minor. Nevertheless actual values of calculated ice masses may deviate by an Figure 7 . Time series of graupel mass above À5°C for the 10 July 1996 STERAO-A storm obtained from Z-M relationships from Heymsfield and Miller [1988] , Yagi and Uyeda [1980] , and Kajikawa and Kiba [1978] , respectively. Calculations were performed in radar space. The correlation coefficients between combinations of two time series were above 0.99 in all three cases.
order of magnitude, considering all three influences together on these ice masses.
Results
[38] In order to test the flux hypothesis, the total mass and mass fluxes of both precipitation and nonprecipitation ice within the charging zone were compared with total lightning rate on an individual storm scale for markedly different convective regimes. Six thunderstorms from the Colorado/ Kansas High Plains and five from Northern Alabama were analyzed. Storm types include ordinary single cell, multicell, and supercell thunderstorms. Ice mass and ice mass flux estimates were compared to total lightning activity for all investigated thunderstorms together. For all quantified relationships between ice masses and ice mass fluxes and total lightning activity only data points that were accompanied by lightning activity were included in the analysis.
[39] It is important to note that the radar and lightning measurements have different temporal and spatial resolutions. The lightning measurements used herein have a very high spatial (a few hundred meters) and temporal (order of ms) resolution. Lightning also is a countable discrete quantity. In contrast, radar measurements have a lower spatial (a few hundred meters to kilometers) and temporal resolution (order of several minutes). Radar volume scans are composed of time integrated spatial ''snapshots'' from parts of thunderstorms. They give a measure of the ''mean'' ice mass/ice mass flux over a radar volume time (duration of four to seven minutes). To match the radar and lightning time scales the mean number of total lightning flashes per minute averaged over the radar volume time was computed. This is referred to as mean total lightning in the following.
[40] Note also, that the population of lightning flashes can be assumed to be Poisson distributed (e.g., Petrov and D'Alessandro, 2002; Rakov and Uman, 2003) , as the distribution describes the probability of discrete events (flashes) that occur in a fixed time with an average (flash) rate. Hence, to express statistical variations in the lightning flash rates, the standard deviation (which is the square root of the mean for a Poisson distribution) is indicated on scatterplots showing total lightning activity as a function of ice mass or ice mass fluxes. Note, that there do not appear to be any systematic differences between ice masses or their fluxes and the lightning rate calculated from the ONERA interferometer versus the LMA measurements (not shown).
Relationship Between Flux Estimates and Product to Total Lightning Rate
[41] First, to test whether the proposed relationship f = CÁpÁF i is valid on the storm scale for a variety of storm types and environments, total storm ice mass fluxes and some of their components were compared to mean total storm lightning activity at each radar volume collection time for all 11 thunderstorms listed in Table 1 . The flux hypothesis predicts a linear relationship between total lightning and ice masses as well as their fluxes. Thus quantified relationships were obtained by calculating the linear least squares fit. Some investigators have noted that nonlinear relationships are better suited for some of the mass flux components and total lightning activity. For example, on the basis of simple scaling arguments discussed by Boccippio [2002] , the relationship between mean updraft speed above the melting level and total lightning activity can be described by a power law. Thus nonlinear least squares fits were also computed together with a value of the coefficient of determination obtained from a transformed regression model to investigate whether they are more representative of the flux hypothesis than the linear relationship. These functions include power law, exponential and a logarithmic function and are given in Table 4 for the relationships of mean total lightning and the product of the ice mass fluxes as well as some of their components. In all cases the linear fit to the data best represents their relationships.
[42] First focusing on the flux product -total lightning relationship, Figure 9 shows a scatterplot of mean total lightning versus the product of precipitation ice mass flux [kgÁmÁs À1 ] and nonprecipitation ice mass flux estimate [kgÁs
À1
] above the À5°C level with units of kg 2 ÁmÁs À2 for individual radar volumes on a logarithmic scale. The least squares fits of the data to various functions described above and their corresponding correlation coefficients were calculated (see Table 4 ). As predicted by Blyth et al. [2001] , the linear fit represents best the relationship between the ice mass flux product (CÁpÁF i ) and total amount of lightning (f ) with a correlation coefficient of 0.96. Note that the linear fits are not a straight line on the logarithmic scale plots because the intercept is not zero. In Figure 9 , data are color coded so that the gray points represent data from Northern Alabama and the black points represent data from the Colorado/Kansas High Plains. The linear correlation coefficients computed for these two regions separately are also high with values of 0.99 and 0.96, respectively. The slopes of the least square fits are fairly similar to those including all data points (Table 5 ). This indicates that the general relationship between the product of precipitation and nonprecipitation ice mass flux and total lightning is insensitive to these different climate environments. The intercept of the fits is different which is partly caused by the limited number of data points for Northern Alabama (36 points).
[43] The product of the ice mass fluxes also correlates to the mean total lightning on a storm by storm basis. The correlation coefficient varies between 0.65 and 0.9 for individual cases and is less for ordinary single cell storms compared to severe storms. For ordinary single cell storms, small fluctuations of lightning activity (at the order of a few flashes per minute) may not necessarily be represented by the ice mass flux product. Here we may be closer to the ''threshold'' in the relationship of total lightning and ice mass flux product where no lightning occurs for a given ice mass flux product (similar to the argument concerning the total lightning -precipitation ice mass relationship presented by Petersen et al. [2005a] ). Thus small fluctuations of lightning flash rate may not be seen represented by the ice mass flux product because of uncertainties in the determination of lightning flashes and ice mass/ice mass fluxes. Additionally, small fluctuations in flash rate may not be represented by the ice mass flux product because of the statistical nature of lightning flashes. As an example of a single cell storm, Figure 10 shows the product of the nonprecipitation ice mass flux and precipitation ice mass flux above the À5°C level (black solid line) and mean total lightning activity per radar volume time (gray dashed line). It can be seen that the trend of the flux product generally follows the trend of mean total lightning activity and the correlation coefficient is 0.67.
[44] In the following, we investigate the relationships between total lightning activity and individual ice mass components of the fluxes.
Precipitation Ice Mass and Total Lightning Rate
[45] Precipitation ice mass (p m ) above the À5°C level was calculated and compared to mean total lightning activity (from Latham et al. [2007, Figure 11]) . A linear fit represents best the relationship between p m and mean total lightning activity with a correlation coefficient of 0.94. The linear functions of the fits for storms from all data and data partitioned for storms occurring only in Northern Alabama and only in the High Plains regions are listed in Table 6 (see Table 4 for the functions of the other fits). Remarkably, the empirically derived functions for storms in Northern Alabama and the High Plains are similar, even considering uncertainties in the determination of precipitation ice and total lightning activity mentioned in section 3.
[46] Figure 11 implies that precipitation ice is related to total lightning in a close to linear fashion for different types of thunderstorms in different environments on a storm scale.
These results compliment the findings of Petersen and Rutledge [2001] , Petersen et al. [2005a] , and Latham et al. [2007] who presented observational evidence for an essentially linear relationship between precipitation ice mass and total lightning for different climate regimes on a global scale.
[47] To further refine the relationship between lightning and precipitation ice mass, the precipitation ice mass was separated into graupel mass and hail categories by combining the NCAR PID categories of Graupel/Small hail together with Graupel/Small hail/Rain and combining Hail together with Hail/Rain. The radar signal from the latter categories is likely dominated by hail with diameters greater than 5 mm in the presence of graupel. Nevertheless, polarimetric signatures between high-density graupel and small to medium sized hail are similar and have considerable overlap. Only focusing on the reflectivity membership function for example, the Graupel/Small hail and Hail categories overlap between 48 dBZ and 55 dBZ herein similar to what is suggested by Straka et al. [2000] or Doviak and Zrnic [1993] .
[48] Figure 12a shows a scatterplot of graupel mass (p gm ) above the À5°C level and mean total lightning from Figure 9 . Mean total lightning per minute averaged over the radar volume time versus the product of nonprecipitation ice mass flux estimate and precipitation ice mass flux (kg 2 m s À2 ) above À5°C for individual radar volumes of all 11 thunderstorms listed in Table 1 . The black dots mark data from the Colorado/Kansas High Plains, whereas the gray dots mark data from Northern Alabama.
individual radar volumes for all investigated thunderstorms on a logarithmic scale. The graupel mass was computed with the Z-M relationship from Heymsfield and Miller [1988] listed in Table 2 . In Figure 12a , data points are only included if they contained graupel and lightning activity. The relationship between the graupel mass and mean total lightning from individual radar volumes is close to linear with a correlation coefficient of 0.94. Once again, the linear fit best represented the mass-lightning relationship, similar to the total precipitation ice mass-mean total lightning relationship. A power law fit was the second best fit to the data with r = 0.86. Here f was proportional to p gm 0.83 which also suggests a close to linear relationship. The functions and coefficients for the fits are given in Table 7 .
[49] Figure 12b shows a scatterplot of hail mass (p hm ) above the À5°C level and mean total lightning from individual radar volumes for all investigated thunderstorms on a logarithmic scale. The hail mass was computed with the Z-M relationship from Heymsfield and Miller [1988] also listed in Table 2 . The relationship between hail mass and total lightning activity with a linear correlation coefficient of 0.72 is not as strong as graupel mass and total lightning activity. This is in agreement with results of the 29 June 2000 STEPS supercell storm from Wiens et al. [2005] . Linear and power law fits represent the relationship between hail mass and mean amount of total lightning best and equations of the fits together with coefficients are given in Table 7 .
[50] This suggests that riming graupel pellets play a more dominant role than hail in thunderstorm electrification. One reason may be that the number concentration of the largest hailstones that dominate the radar signal is low. Thus the integrated hail surface area that can undergo collisions with ice crystals is much smaller compared to the integrated surface area from a much higher number concentration of graupel pellets [Williams, 2001] . Consequently, hailstones may not contribute as much to electrification. Another reason may be that hailstones undergoing wet growth accompanied by high LWC in severe storms may not separate charge in collisions with ice crystals [Saunders and Brooks, 1992] .
[51] Note that the hail mass is more than an order of magnitude less than the graupel mass, i.e., graupel dominates the precipitation ice mass calculations.
Nonprecipitation Ice Mass Estimates and Total Lightning
[52] Two estimates of nonprecipitation ice mass from the charging zone were computed and compared to total lightning activity. As a first estimate, nonprecipitation ice mass above the À50°C level with reflectivity values below 20 dBZ (NPIM_T) was calculated as described in section 3.2. Figure 13a shows the scatterplot of NPIM_T and mean total lightning on a logarithmic scale. A linear function given in Table 8 , gives the best least squares fit to the data with a linear correlation coefficient of 0.85 (Table 4 shows the other least squares fits). Linear fits for data from Northern Alabama and the Colorado/Kansas High Plains, respectively, differ from the fit for all data points but also have high correlation coefficients of 0.89 and 0.86, respectively. This suggests that a relationship exists between nonprecipitation ice and total lightning, even though this is a very rough estimate for nonprecipitation ice mass from the charging zone. This result is in some agreement with results from Sherwood et al. [2006] . They compared seasonal total lightning counts from LIS and OTD (flashes per square km per months) averaged over the years 1999 -2003 and the seasonal ice particle effective diameter (mean volume divided by the mean surface area of particles) derived from brightness temperatures over the years 1984 to 1998. They conclude that their results show a relationship between total lightning counts and amounts of small ice (with effective diameters smaller than 30 mm) at cloud top which is in agreement with the above result. Nevertheless they found no evidence that total lightning is related to the volume or cloud ice mass at lower altitudes though they acknowledge that the cloud ice at the top of the cloud may be related to that in lower altitudes.
[53] As described in section 3.2, nonprecipitation ice above a temperature threshold and coincident with divergence values larger than 0.001 s À1 and reflectivity values below 20 dBZ were chosen as a second estimate to represent nonprecipitation ice from the charging zone. Figure 13b shows this nonprecipitation ice mass estimate above the À5°C level versus mean total lightning on a logarithmic scale [Latham et al., 2007] . This estimate will be referred to as NPIM_DIV in the following. Similar to the NPIM_T, the relationship between NPIM_DIV and mean total lightning is represented best with a linear fit. The correlation of NPIM_-DIV and total lightning activity is higher with a correlation coefficient of 0.93 than the one involving NPIM_T (r = 0.85). This suggests a strong linear relationship between nonprecipitation ice mass and total lightning [Latham et al., 2007] . The function of the linear fit between NPIM_DIV and mean total lightning is presented in Table 9 together with linear fit relationships for the individual data from the two regions. All linear fits are nearly identical. The trends of NPIM_DIV do not change very much by varying the temperature threshold from À5°C to lower temperatures of À35°C or À40°C (representative of the upper part of the charging zone), though values of NPIM_DIV above À35°C or À40°C compared to À5°C can be less for smaller ordinary single cell thunderstorms because the thunderstorm height is lower than for stronger thunderstorms. However, the correlation coefficient between NPIM_DIV and mean total lightning remains at 0.93 with similar linear relationships among the different thresholds. For example, the linear fit for all data points between mean nonprecipitation ice mass above À40°C is f = 2.85Á10 À7 NPIM_DIV+0.93. Nonprecipitation ice mass above the À5°C level was chosen for the NPIM_DIV over colder temperature thresholds for the following reasons:
[54] . Smaller ice particles in the updraft (and in the charging zone above the melting level) are carried not only upward but also laterally outward into the anvils of thunderstorms [e.g., Yuter and Houze, 1995] . Thus threshold temperatures colder than À5°C may lead to underestimation of nonprecipitation ice mass.
[55] . Colder temperature thresholds may not capture all smaller ice particles exiting the charging zone as weakly electrified ordinary thunderstorms may not exhibit storm tops colder than temperatures of À40°C.
[56] . Multicellular thunderstorms may have updraft areas at various heights. Some of these updraft areas may not exceed temperatures of À40°C again leading to underestimates of nonprecipitation ice mass.
Summary and Discussion
[57] The main goals of this study were to examine observational evidence on a storm scale for a variety of Latham et al., 2007] . The black dots mark data from the Colorado/Kansas High Plains, whereas the gray dots mark data from Northern Alabama. The fits were only perfor data points that had hail and graupel mass as well as lightning activity.
storm types and environments in order to test the validity of the flux hypothesis and to quantify the relationship f = CÁpÁF i . Additional goals were to investigate the relationship between precipitation ice mass content and total lightning activity on a storm scale, in order to refine the global observations of Petersen et al. [2005a] .
[58] Ground-based dual-Doppler and polarimetric radar data were used to derive precipitation and nonprecipitation ice mass fluxes together with total lightning information from ground-based total lightning networks to observationally evaluate the validity of the flux hypothesis. Data from 11 storms of different types, including ordinary single cell, multicell, and supercell thunderstorms, from the Colorado/ Kansas High Plains and Northern Alabama were examined. The results can be summarized as follows:
[59] . For all 11 storms the product of storm total precipitation and nonprecipitation ice mass flux is well correlated to total lightning activity. This is also true on a storm by storm basis.
[60] . The quantified relationship between the product of the ice mass fluxes F i and p and mean total lightning rate per minute averaged over the radar volume time f for all data from the 11 storms investigated has the form
with a correlation coefficient of 0.96.
[61]
. The relationship appears invariant between the two storm environments (High Plains and Northern Alabama). Since variations of storm type are included in the sample, we speculate that the relationship may also be relatively insensitive to the storm type.
[62] . Precipitation and nonprecipitation ice mass flux estimates taken individually also correlate well with mean total lightning rate with correlation coefficients of 0.93 for both.
[63] . On the storm scale, precipitation ice mass by itself is well correlated to mean total lightning rate in an approximately linear fashion for different types of thunderstorms in different environments on a storm scale (r = 0.94). This is in agreement with observations from Petersen and Rutledge [2001] , Petersen et al. [2005a] , and Latham et al. [2007] who presented observational evidence for an essentially linear relationship between precipitation ice mass and total lightning rate for different climate regimes on a global scale.
[64] . Graupel/small hail ice mass correlates much better with mean total lightning rate than large hail ice mass.
[65] . Nonprecipitation ice mass (NPIM_T) in the upper part of thunderclouds (above the À50°C level) is fairly well correlated to the mean total lightning rate (r = 0.85).
[66] . Nonprecipitation ice mass (NPIM_DIV) calculated with the divergence method is well correlated with mean total lightning rate (r = 0.93) and seems to be a better estimator of nonprecipitation ice passing through the charging zone.
[67] . The best functional representation between total lightning rate and all of the parameters tested (ice mass flux product and individual flux product components) were found to be linear. This was true for all storm types in both geographic regions.
[68] The observations as summarized provide strong observational support for the flux hypothesis presented by Blyth et al. [2001] , verifying, to a first order, a linear relationship between the product of ice mass fluxes and total lightning rate. Furthermore, this relationship appears robust and relatively invariant for storms from the two different climate regions and of different type. This is also true for the relationship between total lightning rate and flux components such as precipitation ice mass, nonprecipitation ice mass estimates and updraft volume above the melting level. These results are in agreement with Wiens et al. [2005] and Kuhlman et al. [2006] who found good correlations between the total flash rate and graupel volume, updraft volume and updraft mass flux for the 29 June STEPS storm. Note, that the relationship between updraft strength and total lightning was investigated by Deierling and Petersen [2008] . Results show that there is a strong correlation between total lightning rate and updraft volume, in particular with vertical velocities above 5 -10 m/s. On the basis of noninductive charging theory, this supports the idea that larger updraft volumes produce more hydrometeors in the charging zone thus leading to a higher number of collisions between graupel pellets and ice crystals and subsequent macroscale charge separation (e.g., enhanced ice fluxes) which can result in an increased lightning activity. Observations made herein also support the scaling arguments summarized by Boccippio [2002] that suggest that the electrical power generated is linearly related to lightning activity and should also be linearly related to the generator current density (product of net charge transport velocity and charge density). Furthermore, differences in the empirical relationships diagnosed for storms from different climate environments are small and can likely be explained by the uncertainties of mass flux calculations from radar data, limited number of data points and the determination of total lightning activity described in section 3. The higher scatter of the ice mass flux product observed at low flash rates may not only be caused by the measurement and ice flux calculation uncertainties but also by physical reasons. At low flash rates the relationship between ice mass and ice mass fluxes and total lightning rate may compete with other charge dissipation mechanisms (e.g., conduction and precipitation currents [Boccippio, 2002] that contribute to the Maxwell currents) that diminish total lightning activity.
[69] Concerning the relationship between total lightning and precipitation ice mass above the melting level, results confirm a strong and relatively robust linear relationship between the two that appears invariant from the climate regime, as observed by Petersen et al. [2005a] . This is true down to the individual storm scale. Results presented herein (in particular the relationship between ice mass fluxes and total lightning) support strongly the prediction by Petersen et al. [2005a] that with ''sufficient vertical fluxes of ice and associated charge generation via the noninductive-based charging mechanisms. . ..the relationship between ice water path and lightning flash density should exhibit high correlation and be independent of regime.''
[70] Nonprecipitation ice mass estimates -in particular those retrieved with the divergence method, correlate very well with total lightning activity, suggesting that one may be able to use total lightning to determine ice mass that is transported into thunderstorm anvils. It should be kept in mind that the updraft area information is implicitly in the nonprecipitation ice mass estimate. Nevertheless, the equation of total lightning and nonprecipitation ice mass estimate using the divergence method predicts that 8.3Á10
7 kg of nonprecipitation ice are associated with one lightning flash. Assuming a global flash rate of about 40 flashes per second (determined from OTD and LIS observations, Blyth et al. [2001] ) yields a global nonprecipitation ice mass production of 3.3Á10 9 kg/s. This is about two orders of magnitude larger than predicted by the crude estimates made by Blyth et al. [2001] . It should be kept in mind that the estimates of ice masses derived from radar data herein can differ by an order of magnitude as explained in section 3.
[71] Note, that scatter and reduced correlation between total lightning and ice masses as well as their fluxes are introduced by effects such as uncertainties in the measurements and in the ice mass/flux computations. The flux hypothesis assumes a steady state situation where the charge neutralized by a lightning flash is ''refilled'' by the ice mass fluxes. Thus an additional source of scatter is that lightning flash rates may not be representative of the amount of charge that is equalized by them. Flash frequency that is weighted by the flash lengths or the power emitted by flashes may be more representative of the amount of charge equalized by a flash and should be looked at in future research.
Outlook
[72] The strong correlations between precipitation and nonprecipitation ice masses, and their fluxes with total lightning rate suggest that total lightning information may be useful as a tool for estimating both ice masses and ice mass fluxes. A next step would be to investigate whether total lightning rate can ed in climate models to help estimate the nonprecipitation ice mass produced by thunderstorms, which may be of potential use in studying the radiation budget of the earth-atmosphere system [Sherwood et al., 2006] or upper tropospheric water vapor [Price and Asfur, 2006] . For severe convection the results herein were particularly robust (not shown). This suggests that total lightning information could be useful in estimating ice mass and ice mass fluxes on a storm by storm basis for severe storms. The next step would be to expand the validation of this approach on more numerous storm data sets. If the relationships remain as robust as suggested herein, their application in thunderstorm nowcasting systems could be implemented. This may be particularly useful in regions where radar data are not available (e.g., in mountainous terrain where radar data are limited by beam blockage).
[73] Furthermore, recent work by Mansell et al. [2007] has shown that data assimilation of total lightning data improves the forecast of storm morphology and prediction of rainfall amounts. It would be interesting to investigate whether total lightning rate measurements in concert with the ice mass flux relationship may be useful for data assimilation with cloud scale models. Alternatively it would also be interesting to see whether one can use the ice mass flux relationship to predict total lightning, for example to estimate NO x production in thunderstorms.
